The purpose of this review is to summarise a literature survey on thermal thresholds for tissue damage. This review covers published literature for the consecutive years from 2002-2009. The first review on this subject was published in 2003. It included an extensive discussion of how to use thermal dosimetric principles to normalise all time-temperature data histories to a common format. This review utilises those same principles to address sensitivity of a variety of tissues, but with particular emphasis on brain and testis. The review includes
Introduction
The objective of this review is to compile and analyse thermal tissue damage data that has become available since the last review on this subject was published in International Journal of Hyperthermia in 2003 [1] . This work concentrates on identifying thresholds for thermal damage, the dependence of severity of damage on thermal dose, and permanence of damage in various tissues. Complex organs such as the brain also experience a myriad of functional changes, some of which this review also addresses. The previous review on the subject stressed the importance of cumulative thermal dose as a determinant of tissue thermal damage. Cumulative equivalent minutes at 43°C (CEM 43 ) is the accepted metric for thermal dose assessment that correlates well with thermal damage in a variety of tissues [1] ; this work concentrates on data for which CEM 43 could be calculated. The calculation of CEM 43 involves knowledge of thermal history: (1) where Δt signifies summation over the length of exposure, T is the average temperature during time interval t, and R is a constant equal to 0.25 for T<43°C and 0.5 for T>43°C [1, 2] . Since the values of CEM 43 have been found to correlate with severity of thermal damage, this review was primarily limited to published data that include analysis of tissue damage (severity and threshold) at the locations where thermal history is available.
Beginning with the year 2002, 463 papers were identified, using an extensive list of keywords (Table I ). In addition to keyword searches, we also performed recursive searches of papers that cited the 2003 review. The majority of the papers were not included in the analysis of thermal damage due to a number of factors: (1) incomplete thermal data (88 publications), these are papers where temperature was not measured at the site of damage assessment, or not measured at all; (2) reviews without original data (63 publications) were the second most-excluded type of article; (3) many publications involved heating with lasers to very high thermal doses that result in complete tissue destruction well before thermal dose could be estimated (56 publications), or they did not quantify damage at the site where temperature was measured (43 publications); (4) modelling papers without original data were excluded (35 publications), as were (5) papers where assessment of thermal damage was done on excised tissues (26 publications). These were excluded due to a large variability in handling of ex vivo samples and other confounding factors, such as tissue viability and lack of perfusion in ex vivo heating experiments, which could influence thermal damage [3] .
An abundance of recent brain and testicle thermal damage data has resulted in a major concentration on these tissues. The focus on these two tissues is useful to bring out principles that are applicable to other tissues as well. A summary of thermal damage data for other tissues is provided.
Our findings are complimentary to the earlier review. Table II shows the summary data from the earlier review along with findings reviewed herein. The new data do not call for a revision of thresholds for thermal damage of tissues that were included in the original review. However, much of the new data (bold in the table) is concentrated at the extreme low and high ranges of CEM 43 , while little new data were found in the intermediate range of CEM 43 =21-40 min. More data in the intermediate dose range, as well as more data on chronic, rather than acute effects of heat would enrich knowledge of this subject. It is imperative that temperature is measured at the site of induced damage in future studies that address thermal damage thresholds.
The effects of heat differed between tissues within each species, as well as between species. It is important to note that the severity of damage was highly dependent upon when the assessment was made. This report will review the data available and make recommendations about the needs of future research in this area.
Discussion of specific organs and organ systems Nervous system
Overview-A wide range of endpoints have been reported since the previous review. Here we report data concerning vascular changes, direct damage, and functional and metabolic effects on the nervous system due to heat stress. Exposure temperatures reached as high as 48°C, resulting in body temperatures up to 43°C. The majority of the following studies used whole body hyperthermia followed by acute (1-30 days) assessment, so the permanence/ reversibility of the following effects is unknown. While damage threshold data is available for several species, the overwhelming majority of the studies were performed with rats. Thermal damage endpoints in these studies can be classified into three categories: (1) vascular effects, (2) direct damage, and (3) functional effects.
Vascular effects
Blood-brain barrier (BBB) permeability-Kiyatkin et al. [4] , Sharma [5] , and Noor et al. [6] assessed regional BBB permeability after whole body hyperthermia treatment ( Figure  1 ). Two of the three studies showed that heating increased BBB permeability in the range of thermal doses examined. Kiyatkin et al. anaesthetised adult (~460 g) male Long-Evans rats with pentobarbital and treated them with whole body hyperthermia via a warming pad for 75 min (peak temperature range 38.6°-41.8°C). Sharma et al. treated male albino Wistar rats (9-10 weeks old) with whole body hyperthermia using a biological oxygen demand incubator (38°C for 30 min, 1, 2, 3 and 4 h (average core temperature 41°C)) without anaesthesia. Noor et al. assessed BBB permeability after heating for 180 min at either 38°C or 39°C (CEM 43 range: 0.1-0.7 min) using a warming pad. Since 38°-39°C is within the normal body temperature range for rats, it is not surprising that no change in permeability was observed after treatment.
BBB Permeability was assessed 24 h after heating through detection of extravasated Evans blue dye by Noor et al., immediately after heating with cell-bound albumin (Kiyatkin et al.) , or a combination of Evans blue-labeled albumin and 131 Iodine (Sharma et al.) . These permeability assessments were made at similar CEM 43 Figure 1A ) also underwent significantly higher CEM 43 than the other studies ( Figure  1B ). The thalamus, hippocampus, and piriform areas of the brain were relatively more sensitive to the effects of heating. In the Sharma et al. study, assessments were made 4 h following heating to CEM 43 =1.3 min ( Figure 1B ). Rat cingulate and temporal brain regions experienced the greatest increases in BBB permeability due to heat (18-and 9-fold increases, respectively). While brain region sensitivities vary between the studies, heat treatment increases BBB permeability across all brain regions examined, and as shown in the Kiyatkin et al. study, permeability increases with higher CEM 43 , in the range of CEM 43 examined. Sensitivity differences may be due to the different heat regimes (longer exposure and lower temperature compared to shorter exposure and higher temperature), anaesthesia used, timing, rat strain, or a combination.
Oedema-Kiyatkin et al. [4] and Sharma [5] also assessed oedema by measuring water content in the brain after whole body heating. Both studies observed an increase in oedema, although the Kiyatkin et al. study reported less oedema (3.5-4.1% increase) than the Sharma study (4-7% increase), even though rats in the Kiyatkin et al. study were exposed to higher CEM 43 . The difference cannot be evaluated statistically, and the higher oedema observed by Sharma et al. may be a result of the duration of exposure rather than exposure intensity. As stated previously, such differences may also arise from the difference in heating methods, anaesthesia, rat strain, or a combination of these discrepancies between studies.
Cerebral blood flow-Several papers assessed the effect of whole body heating on cerebral blood flow for several different species, including rats, rabbits, and humans ( Figure  2) . Two of the papers showed an increase in blood flow (Cremer et al. [7] in humans and Sharma et al. [5] in rats), while the other two papers showed a decrease (Chou et al. [8] in rats and Mustafa et al. [9] in rabbits). Although the data seem to contradict each other, animals were heated differently in each study, with greatly varying CEM 43 .
Chou et al. treated adult male Sprague-Dawley rats anaesthetised with intraperitoneal urethane with whole body heating via a water blanket for 20-70 min set at 42°C (body temperature range 37.5-41.5°C). Cerebral blood flow was assessed with a laser Doppler flow meter. Sharma et al. treated animals as described (see BBB permeability above) and assessed cerebral blood flow with microspheres labelled with iodine.
Humans anaesthetised with an infusion pump of propofol-fentanyl-rocuronium have been assessed in a heating study [7] . Humans were treated with whole body heating via an extracorporeal heater-cooler device with a bifemoral venovenous circuit for 90 min (body temperature ≈41.8°C). Cerebral blood flow was measured with transcranial pulsed Doppler ultrasonography. It should be noted that the humans studied were diagnosed with chronic hepatitis C and ranged in age from 18 to 65 years.
Mustafa et al. examined New Zealand white rabbit (10 weeks old) cerebral blood flow by monitoring injected 99mTc-HMPAO with a Gamma camera after treating with whole body hyperthermia in a temperature-controlled chamber (45°C) for 60 min [9] . Body temperature was maintained at 43°C, and it should be noted that this is an extremely high temperature for mammals and not likely a survivable thermal exposure. Rabbits were anaesthetised with intravenous sodium pentobarbital prior to treatment.
In summary, not enough data exists to generalise the effects of heat on cerebral blood flow. The two studies on rats contradict each other, with Sharma et al. observing an increase whereas Chou et al. saw a decrease. These observations were made following much lower thermal doses than the data available for humans and rabbits, where heat also affected cerebral blood flow in divergent directions ( Figure 2) . Regardless of the technique used and the direction of the change, all studies reported significant changes in cerebral blood flow after whole body hyperthermia treatment.
Direct damage
Cell death-Khan et al. [10] assessed cell death in several portions of the adult rat cerebellum (granule cell layer, molecular layer, and deep white matter) as well as in rat pup (P7) cerebellum. Male Wistar rats (30 days old) and P7 rat pups were treated with whole body heating via a dry air incubator (42°C) for 60 min after reaching the set temperature (body temperature 41.3°C for 60 min) without anaesthesia. TUNEL was used to assess cell death at multiple endpoints after heat exposure 2.5, 5, 10, 15, 24 h for the adults and 5, 10, 15, 24 h for the pups ( Figure 3A) . At the same CEM 43 (5.9 min), pups seemed much more sensitive to the heat stress showing induced cell death 10 h after treatment, but by 24 h levels reverted back to baseline level of cell death, suggesting a transient effect. The specific layers of the cerebellum in adult rats were more resistant to the stress. In Belay et al. [11] adult male Wistar rats (45 days old) were treated with whole body hyperthermia via a dry-air incubator (43°C) for 1 h once core temperature reached 42°C. Rats were not anaesthetised during hyperthermia treatment. Cell death was assessed 10 h after heat treatment in several brain regions with TUNEL assay. Sensitivity differences were present among the three regions assessed; pia mater was the most sensitive followed by corpus callsum and fimbria in order of decreasing sensitivity ( Figure 3B ).
Central nervous system damage (cell abnormalities, damage, and distortion) -Kiyatkin et al. [4] treated male Long-Evans rats as described above in 'BBB permeability' and assessed cellular abnormalities by hematoxylin and eosin (H&E) staining with the following criteria (abnormal cells having one or more of the following characteristics): altered (swollen or shrunken) shape, distorted nucleus, chromatolysis, dark neurons and eccentric nucleolus. Various portions of the brain all had similar sensitivities with increasing damage plotted against increasing CEM 43 except for the thalamus (Supplementary Figure  1A) . The thalamus was extremely sensitive relative to the other brain regions. While the thalamus reached 100% of the maximum cellular abnormalities noted at the highest CEM 43 (close to 2 min), all other brain regions reached only 50%. Damage in other brain regions increased consistently with increasing CEM 43 . Sharma [5] treated male albino Wistar rats as described in BBB permeability above. In that study, central nervous system (CNS) damage/ distortion was measured by light/electron microscopy, using the following scoring system: 0=absent, 1=mild, 2=moderate, and 4=severe. The scoring system reflects increases in nerve and glial cell reaction, dark and distorted nerve cells, loss of nerve cells, sponginess, oedema, and loss of myelin. Increasing damage/distortion was observed with increasing CEM 43 (Supplementary Figure 1B) . Maximum damage/distortion was observed at a CEM 43 =1.3 min.
As observed with the BBB permeability, cellular damage seems to be higher for longer, lower temperature exposures than with shorter, higher temperature exposures. The long, lower temperature exposures that showed relatively high CNS damage were similar in duration and peak temperature to a fever, and therefore these data may contribute to the understanding of effects of fever on CNS. The lower levels of damage following shorter, higher temperature exposures may be useful in design of focused ultrasound heating treatments.
Functional effects
Breathing rate during heating-Schuchmann et al. [12] assessed the breathing rates of Wistar rat pups (in P8-P11 and P22-P23 stages of development). Pups underwent whole body hyperthermia via a 48°C chamber for 55 min without anaesthesia. Peak rectal temperature for the P22-23 and the P8-11 rats was 44.2°C and 43.6°C, respectively. As depicted in Supplementary Figure 2 , breathing rate increased at very low CEM 43 values. The younger pups (P8-P11) peaked and plateaued at a breathing higher rate than the older (P22-P23) pups (approximately 55-60% increase compared to 20-25% increase, respectively). The peak and plateau events occurred at CEM 43 ≈2 min. The lack of additional increase in breathing rate at higher thermal doses suggests a more direct correlation of breathing rate with body temperature, rather than with thermal dose.
Neuronal excitability-Seizures frequently occur in infants who are otherwise healthy but suffering from a fever (febrile seizure). Adults are much more resistant towards developing febrile seizures than infants. Febrile seizure activity is thought to sometimes be generated by hippocampal structures [13] , with increased neuronal excitability being related to the likelihood of developing seizures [14] . Liebregts et al. [15] tested the notion that temperature affects synaptic inhibition (mediated by Gamma-aminobutyric acid receptor (GABA-A)) in the juvenile brain in such a way as to increase excitability, and hence presumably the likelihood of developing seizures.
To explore the effects of temperature on neuronal excitability, Liebregts et al. [15] measured neuronal excitability in the hippocampus of adult male Long-Evans rats (6-12 weeks old) and immature rats (15-17 days postnatal) after treating with whole body hyperthermia via heating pad for 10 min. There were two different heating groups: moderate (38.8°C) and severe (40°C). Rats were anaesthetised with an intraperitoneal injection of urethane during treatment. Synaptic drive of inhibitory neurons in several regions of the hippocampus was measured with paired-pulse inhibition. The objective of this study was to identify underlying mechanisms for febrile seizures.
Liebregts et al. focus on two areas: 1) the granule cell layer of the dentate gyrus (DG), and 2) the pyramidal (excitatory) body layer in the hippocampus 'cornu ammonis 1 region', that is usually referred to as CA1. The basic circuit of the hippocampus is with DG providing excitatory synaptic drive onto the excitatory pyramidal cells in region CA3, which provides excitatory synaptic drive to CA1 pyramidal cells (via the Schaffer collaterals). DG itself receives synaptic drive from the entorhinal cortex via the perforant path [16] :
They placed stimulating electrodes (red arrows above) in two places: 1) on the perforant path to drive the cells in DG, and 2) on the cell body layer in CA3, whose axons comprise the Schaffer collaterals, to provide excitatory synaptic drive to pyramidal cells in CA1. They placed extracellular recording electrodes (blue arrows) in two places: 1) in the granule cell layer in DG, and 2) in the pyramidal cell layer of CA1. The amplitude of the activity recorded by such an electrode is thought to be roughly proportional to the number of neurons that synchronously discharge near its vicinity.
For the purpose of this study, it is important to know that inhibitory interneurons exist within each of the hippocampal sub-regions, and these inhibitory neurons connect locally in a 'feedback' fashion. That is, if excitatory pyramidal cells fire action potentials in CA1, for example, they will excite inhibitory interneurons to fire. The interneurons, in turn, synapse back on to the CA1 pyramidal cells that just fired, and inhibit their further firing by release of GABA at their synapses.
Liebregts et al. use paired-pulse inhibition -an electrophysiology method to assess changes in inhibition [15] . The idea is that if a brief electrical stimulus is applied to the Schaffer collaterals, the recording field electrode in CA1 will record a brief negative deflection that represents the firing of the pyramidal cells, called a population spike (pop-spike). To clarify this concept, suppose two brief pulses are delivered in succession. If the timing is just right, the first pulse will cause excitatory pyramidal cells to fire (P1). They, in turn, will cause inhibitory cells to fire that will suppress the firing of their presynaptic pyramidal cells. Since the pyramidal cells are now (briefly) inhibited, the second pulse (which will be set to arrive just at the time that inhibition is maximal) will evoke a lesser response (P2), and the recording electrode will record a smaller pop-spike. One way to quantify the inhibitory effect (as they did here) is to take the ratio of the two pop-spikes, or P2/P1. In this way, the effect of temperature on inhibition can be detected as changes in the ratios of the two popspikes.
P1 amplitude (population spike following the first pulse) and P1 onset latency are plotted in Figure 4 (A and B). Predictably, higher CEM 43 resulted in more change than lower CEM 43 . The immature rats were treated with a CEM 43 closer to the lower adult thermal dose (CEM 43 of 0.035 and 0.042 min, respectively), so age group comparisons should be made at these lower thermal doses. Hyperthermia treatment results in decreased P1 amplitude in all areas of the hippocampus examined except in the mature rat dentate gyrus ( Figure 4A ). The most sensitive regions for this endpoint are the immature dentate gyrus and the mature cornu ammonis, which remain ~40% below baseline 30 min after heating. The mature rats seem to be more sensitive to heat stress based on P1 onset latency, specifically the dentate gyrus ( Figure 4B ).
Their main results, based upon the P2/P1 ratios, indicate that in both young and adult rats inhibition was decreased in CA1 by hyperthermia. Importantly, mild hyperthermia was required to elicit this effect in young rats, but severe hyperthermia was required for adults. Secondly, in adult rats, hyperthermia actually caused an increase in inhibition in the DG, but had no effect in young rats. Since inhibition in CA1 was increased in both young and (to a lesser extent) adults during hyperthermia, increased temperature causes an increase in excitability of this hippocampal region in all ages, by reducing GABA-A synaptic efficacy.
The DG is thought to act like a 'gateway' that controls the amount of activity that can pass from high cortical regions into the hippocampus to excite CA3 (which in turn can excite CA1). In adults, inhibition was observed to increase in DG, which they argue can compensate for the decreased inhibition in CA1 by preventing excitatory effects from cortical structures from invading the hippocampus. In contrast, there was no increase (or change) in inhibition in young rats, and so they would not benefit from this DG gating. One could say this study provides evidence that the CA1 region in young brains is more sensitive to hyperthermia than older brains, but that the DG in older brains is more sensitive to hyperthermia than younger brains.
This study raises more general issues regarding the effects of hyperthermia. If the juvenile hippocampus is sensitive to becoming more excitable with increased temperature, then mild hyperthermia might increase the risk in general of having a seizure. Therefore, children already suffering from epilepsy may be more sensitive to hyperthermia.
More generally, this study illustrates that in at least one important brain structure, increases in temperature can differentially affect synaptic transmission in different sub-regions of that structure, in an age-dependent manner. Since the hippocampus is thought to play a role in learning and memory, changes in synaptic efficacies within various sub-regions would be of concern [17] . It may be that inhibitory transmission in other brain regions might be affected in an age-dependent manner by hyperthermia, but this has yet to be studied.
Other effects of heat on CNS-Morrison et al. [18] treated humans with whole body hyperthermia via a liquid conditioning garment (circulating 52°C fluid) and in a hot (35°C) environment for 62 min (average). Subjects were not anaesthetised and had an average rectal temperature of 39°C. A near infrared oximeter was used to monitor/record prefrontal cortex oxygenation and blood volume. Prefrontal cortex haemoglobin was not modified significantly at a CEM 43 of 0.1 min in humans. This observation also held for levels of oxygenated and deoxygenated haemoglobin.
Racinais et al. [19] obtained a CEM 43 of 0.15 min in humans via whole body hyperthermia. In that study, humans were subjected to a hot room (50°C and 50% humidity; average wet bulb globe temperature recording 43.1°C) where they walked on treadmills for 10-15 min at 3-5 km/h and then rested in a seated position for 45 min before testing. The average core body temperature was 38.7°C for approximately 120 min. Subjects were not anaesthetised during treatment. This investigation found that heat stress caused significant decreases in muscle torque, drive and spinal modulation in humans. This dose of hyperthermia also caused decreases in the amplitude and latency of electrically evoked action potential, both at rest and during maximal contraction in the same study. However, it should be noted that this study does not separate the psychological effects of additional stress posed by hyperthermia from the direct effects of hyperthermia on muscles and CNS.
Metabolic effects in the brain
Glutamate, glycine, and GABA-Sharma [5] treated male albino Wistar rats (9-10 weeks old) with whole body hyperthermia using a biological oxygen demand incubator (38°C for 30 min, 1, 2, 3 and 4 h, average core temperature 41°C) without anaesthesia. Glutamate, glycine, and GABA measurements (via HPLC) were made in various regions of the brain to assess the effects of hyperthermia on their concentrations ( Figure 5A , B and C, respectively). For all three indicators there tends to be an initial increase in metabolism at a low CEM 43 (0.115 min) and decrease at a CEM 43 of 1.29 min. Glutamate is the major excitatory neurotransmitter in the brain. GABA is the major inhibitory neurotransmitter in the CNS, and glycine is the inhibitory transmitter in the spinal cord. Taking the data at face value, all of these major neurotransmitters are perturbed from baseline by hyperthermia, particularly GABA, undergoing a 500%-1000% reduction from baseline at the higher CEM 43 . Based on these findings, it is difficult to speculate how this translates into changes in the amount of available neurotransmitter at the synapse. Additional investigation is warranted.
Metabolism -Lactate dehydrogenase (LDH) and succinate dehydrogenase (SDH) activity, RNA content, lactate, pyruvate, glutamate, and glycerol levels -Ekimova [20] treated adult male Wistar rats with whole body hyperthermia via a climate chamber (35°C) for 3 h (body temperature 39.3°C). These rats were not anaesthetised during heat treatment. Ekimova et al. made measurements from three nuclei (clusters of cells) in the hypothalamus: (1) the supraoptic nucleus of the hypothalamus that produces the important neuropeptide hormones vasopressin and oxytocin; (2) the paraventricular nucleus of the hypothalamus that plays some role in regulating autonomic functions and appetite; (3) the median preoptic nucleus, involved in thermoregulation. The function of the hypothalamus is to regulate and maintain body homeostasis (body temperature, blood volume, blood pressure, etc.) [21] . Metabolic activity in these hypothalamus regions was assessed by SDH activity, lactate dehydrogenase activity and RNA content. The enzyme activity was assessed in terms of optical density of the end product formazan in neurons, and RNA content was measured using absorption of visible light by stained substrate-stain complexes. As depicted in Figure 6A , enzyme activity and RNA content increased with heating to CEM 43 =1.07 min. LDH activity increased to a much higher level than the other endpoints of metabolic activity.
Chou et al. [8] treated adult male Sprague-Dawley rats anaesthetised with intraperitoneal urethane with whole body heating via a water blanket for 20-70 min set at 42°C (body temperature range 37.5-41.5°C). Glutamate, glycerol, lactate, and pyruvate levels were measured with a microdialysis analyser. All increased with increasing CEM 43 indicating increased metabolic activity, but lactate increased at a much higher level even at the lower CEM 43 examined ( Figure 6B ). It is noteworthy that extracellular lactate increases dramatically, doubling its value from baseline. Extracellular lactate and pH have been shown to be closely correlated in the brain during other types of treatments [22] . This might suggest deep acidosis in the extracellular space of the hypothalamus as a consequence of hyperthermia, which would be expected to dramatically affect neuronal excitability and function, possibly resulting in cell death [23, 24] .
Sympathetic nervous system. Nerve discharge-Kenney et al. [25] monitored renal and splanchnic sympathetic nerve discharge during whole body hyperthermia treatment. Overactivity of renal sympathetic nerve is considered a major cause of the pathophysiology of hypertension [26, 27] . The splanchnic nerve is thought to influence the regulation of a number of basic functions, such as arterial blood pressure, heart rate, vascular tone [28] . Nerve discharge for three age groups of F344 rats were compared (young (3.3 months), mature (12.6 months), and senescent (24 months)). Rats were treated with whole body hyperthermia via a heat lamp (rectal target temperature 41°C), and neural activity was recorded with a platinum bipolar electrode at the site of the nerve during heating. Rats were not anaesthetised during heat treatment. Nerve discharge increased during the heat exposure in the young and mature rats, whereas no change was observed in senescent rats (Supplementary Figure 3A and 3B ). This pattern was observed for both nerve types. Young and mature rats seemed to respond similarly to the heat stress according to the renal nerve discharge data, while the young rats were slightly more sensitive to the increased heat exposure for splanchnic nerve discharge. The study by Kenney et al. showed a surprisingly large increase in firing frequency of these nerves from baseline [25] .
Xu et al. [29] assessed thermal damage to the sciatic nerve in adult male Wistar rats (350-400 g). In the rat, the sciatic nerve carries sensory information from the leg (skin, muscles, etc) and was used in this study as a representative model of a typical peripheral nerve that allows for the testing of the effects of heat on both myelinated (A-fibres) and unmyelinated fibres (C-fibres). Rats were anaesthetised with intraperitoneal Hypnorm and midazolam while a heating cuff made of copper tubing with circulating hot water was used to heat the sciatic nerve. The nerve was heated for 20 min at 47°C (heated twice for 10 min with a 30-min interval between heating). The sciatic nerve was stimulated by platinum electrodes. Afibre and C-fibre action potentials were measured as well as nerve blood flow and plasma adrenaline and noradrenaline. During heat treatment plasma adrenaline and noradrenaline increased significantly 9.9 and 1.5 fold, respectively. Nerve blood flow decreased 56%, and action potentials for A-fibre and C-fibre decreased as well (100% and 45%, respectively). Cfibres are not protected by a myelin layer, hence it is not surprising they were more vulnerable than A-fibres to hyperthermia [30] . These results might suggest that peripheral nerve function in general may be negatively affected by hyperthermia. Xu et al. also observed delayed damage specific to the myelinated nerves resulting from low-grade heating [29] . This would be attributed to the decrease in blood flow since unmyelinated nerves are less vulnerable to ischaemia.
Monafo et al. [31] treated hind limb nerves (sciatic, peroneal, tibial, and sural nerves) of female Sprague-Dawley rats (250-350 g) with local RF (1 MHz, electrodes placed on hind limb) for 60 s until 47°C was reached, and maintained this temperature for an additional 30 s. During RF treatment, rats were anaesthetised with intraperitoneal pentobarbital. Percutaneous measurements of posterior nerve conduction block, conduction velocity, and terminal latency were conducted by inserting electrodes in several regions along the hind limb and recording the waveforms after stimulation. They measured effects of RF heating on: (1) conduction velocity, or the speed that neurons travel down the nerve; (2) conduction block, or the suppression of the ability of the nerve to carry action potentials, and (3) terminal latency, or the time it takes a stimulus at some distal point on the nerve to reach its endpoint, such as its synapse in a muscle. These are all various ways to assess the function of a nerve, and all were affected in the expected directions by heating. Assessment immediately after heat treatment showed an increase in the incidence of complete conduction blocks as well as an increase in terminal latency, and conduction velocity decreased after treatment (Supplementary Figure 3C) . Incidence of complete conduction block was increased further 24 h after treatment to 67%, and this level was maintained at the 96 h time point.
Thresholds of thermal damage
Lesion induction and BBB disruption-Several studies have reported threshold data for tissue damage (Figure 7 ). These papers assess brain lesions and BBB disruption in multiple species (rabbits [32] [33] [34] , primates [35] , and pigs [36] ). Heat was administered via either laser or ultrasound. BBB disruption was assessed in ultrasound-treated New Zealand white rabbits by contrast-enhanced MRI in McDannold et al. [32] and with trypan blue penetration in Hynynen et al. [33] . BBB disruption occurred in both studies. Disruption was observed at a lower CEM 43 value (0.067 min) in the Hynynen et al. study than in the McDannold et al. [32] study (greater than 12.3 min), but at some of the higher CEM 43 exposures in the McDannold et al. [32] study, disruption was not always observed. The differences in sensitivity may be due to the methods involved in detection. Brain tissue sensitivities may be different between species. A much higher CEM 43 seems to be required for lesion production in the porcine model [36] (Figure 7B ) compared to both rhesus monkeys [35] and rabbits [34] (Figure 7A ). Lesions were present after exposure to a similar range of CEM 43 in rabbits and monkeys even though different heating devices were used.
Summary: Effects of heat on the nervous system-As shown above, damage to the nervous system can be assessed in many different ways. Since the previous report, we have added data at higher CEM 43 , but the majority of the data fit within the CEM 43 range of 0 to 20 min. The data show that certain endpoints such as metabolism seem to be more sensitive to heat stress than others, and certain regions of the brain tend to be more sensitive to heat. The majority of the studies did not assess long-term damage, so the permanence/reversibility of the apparent damage or functional changes is unknown. The only exception is the McDannold et al. (2003) threshold study [32] in which brain lesions were detected 5 and 6 weeks after ultrasound treatment. It should be noted that the CEM 43 in this study was much higher than the majority of the other studies. It is clear that much more work needs to be done to further evaluate the potential for acute and long term damage to the brain, following either total body or focal brain heating.
Effects of heat on testicular physiology and function Overview
Since the last review in 2001, a number of studies have increased the available knowledge on the effects of hyperthermia on testicular physiology and function. The temperature ranges used in the studies were between 38°C and 43°C, for treatment durations of 15 min to 1 h. Some studies employed fractionated treatments of 30 min each for up to six fractions. All of the heating was performed locally through immersion of the testes in a heated water bath, with the exception of one paper which employed a whole body heating method.
These new data use mouse, rat, and human subjects for evaluation. One general observation is that there appear to be large differences in sensitivity of the testis across species, with human subjects displaying the least sensitivity. Additionally, these new studies highlight the importance of time when assessing thermal damage, as most decreases in testicular functionality are acute and recover over time.
The endpoints used to assess thermal damage in these studies can be classified into six categories: (1) change in testicular mass, (2) fold increase in cell damage, (3) fold increase in cell death, (4) change in testosterone levels, (5) change in sperm characteristics, and (6) alterations in fertility. Figure 8A shows the change in testes weight following various heating schemes for two rodent species. The weight of the testes was measured at differing times post-heating to assess permanent or acute changes and define a recovery period [37] [38] [39] [40] [41] . Figure 8B clearly shows that human and rat testes are less sensitive to thermal stress than mice.
Testicular mass
Mice tend to show a thermal dose-dependent decrease in testicular weight, with as much as a 30-60% loss in mass with CEM 43 =7.5-15 min [39, 41] . For a low thermal dose of CEM 43 =0.3 min, the weight quickly recovers within two weeks [39] . At higher doses the weight continues to decrease up to two weeks, but the time frame for recovery is unknown since data were not collected beyond two weeks. In light of the other data showing decreased sperm production and increased cell damage following heat treatments, the testicular mass likely decreases due to cell death and/or decrease in proliferation. The thermal dose delivered in rat studies was much higher than that for mice, at CEM 43 =180 min [37, 38] . Rats appear to be less sensitive to thermal dose than mice, as this high dose did not cause appreciably more damage than an equivalent mouse dose of CEM 43 =7.5-15 min. Rats show a consistent deterioration of testicular mass from 1 day post-thermal treatment up to 35 days post-treatment, at which time the damage is persistent to 140 days when analysis concluded. Thus, in this particular case, the damage may be considered permanent.
An important contribution to the testicular data is the study by Wang et al., which assesses a host of functionality and morphology tests in men following scrotal heating (30 min/day for 6 days for a total of CEM 43 =180 min) [40] . While they did not directly measure testicular weight, they provide relative changes in tubule diameter, tubule volume, and lumen volume 2 and 9 weeks post-treatment. Table III summarises these changes. While these endpoints tend to decrease at 2 weeks, there is complete rebound at 9 weeks. Further, the data at 2 weeks is not statistically significant compared with baseline.
Cell damage
Banks et al. [42] studied the effect of CEM 43 =7.5 min on DNA damage to motile spermatozoa recovered from the epididymides at a number of time points following treatment, both acute (within 24 h) and later (up to 32 days). DNA damage was assessed using the COMET assay. The amount of DNA damage significantly increased 1 h after treatment and continued to increase until 4 h post-treatment. Within 7 days the DNA damage levels fell to those of the unheated spermatozoa ( Figure 9 ). However, from 7 days to 21 days DNA damage increased and maintained increased levels up to 32 days when the study ended. Due to the transit time of sperm maturation, the DNA damage levels in these spermatozoa are most likely reflective of acute damage to germ cells which is then propagated to mature sperm.
While the above notes the overall increase in levels of DNA damage, not all spermatozoa exhibited DNA damage and therefore Banks et al. also assessed the percentage of motile spermatozoa with any amount of DNA damage. Motile sperm were isolated from the epididymides and assessed for DNA damage. An initial increase in the number of sperm with damage occurred from 4-6 h, fell toward baseline from 1-7 days, and was followed by another increase from 14-32 days. However, the percentage of motile sperm with abnormal DNA at the later periods was higher than the initial 4-6 h increase. From these results it appears that while initially the amount of DNA damage in the most mature sperm is greater, it may be concentrated in fewer spermatozoa, while after two weeks more sperm are likely to have some amount of DNA damage even though the extent of damage present in each spermatozoa is less. These chronic elevated levels of spermatozoa DNA damage suggest some amount of residual damage to the germ cells. However, this study did not specifically evaluate germ cell damage.
In another study, Paul et al. [39] From these two studies it appears that the extent of DNA damage to the spermatozoa and germ cell spermatocytes in mice increases based on thermal dose. This type of damage also appears to consist of two cycles, an initial increase from 4-24 h followed by another increase between 7-14 days. It is unclear whether residual damage exists after 28 days, as the Banks et al. paper suggests lingering residual damage, while the Paul et al. data suggests recovery. This type of damage is likely reflective of underlying germ cell damage. Clearly, further study of this question is warranted. At the current time, no firm conclusion can be drawn regarding whether thermal damage to the testis can lead to permanent DNA damage to spermatozoa. Given the potential genetic risks, this subject requires substantial additional investigation.
Cell death
The effect of heating on testicular cell death has been studied in mice, rats, monkeys, and humans. This data is evaluated over the entire testis with histology (overall cell death in testes) or from an isolated area of the testes, either in the seminiferous tubules or in the testes germ cells. Supplementary Figure 4 shows the increase in cell death over time, following various heating regimens in different species. In mice, Paul et al. [43] showed that whole testis sections stained for caspase 3 positive cells to mark apoptosis had thermal dosedependent increases in the number of apoptotic cells per histological slice. The amount of cell death peaked at 24 h, decreased slightly at 48 h, but returned to control levels by 7 days post-treatment.
Cell death specifically occurring in the testes germ cells was evaluated both by Banks et al. [42] and Paul et al. [39] . Paul et al. evaluated the number of TUNEL-positive germ cells following three different thermal dose regimens, finding again that the number of apoptotic cells increased with increasing thermal dose. While a thermal dose of CEM 43 =0.03 min appeared to have elevated cell death at 24 h, this was not statistically significant. At CEM 43 =0.5 and 7.5 min however, there were significant increases in cell death at 24 h postheating. Elevated apoptosis levels appeared to persist for longer durations as the thermal dose was increased, with CEM 43 =7.5 min exhibiting heightened cell death lasting 7 days; but these results were not statistically significant due to a low number of mice studied. Banks et al. showed different results for the length of increased apoptosis in germ cells. They used a thermal dose of CEM 43 =7.5 min and similar to the Paul et al. paper, they reported heightened levels of germ cell apoptosis at 24 h. Unlike the Paul et al. paper, they showed elevated apoptotic levels occurring as early as 2 h post-heating and persisting as long as 24 days post-heating. These studies used different mouse models, as mentioned earlier, and also used different methods for measuring germ cell apoptosis; Paul et al. used TUNEL staining while Banks et al. utilised Apotag staining methods. These studies both indicate an early increase in apoptosis to germ cells within 24 h, but they provide conflicting results on the length of elevated apoptosis. In both situations, however, apoptotic levels return to normal within 28 days and as such this can be taken as a conservative estimate for acute response in mice. These studies underscore that future research may need to evaluate more than one apoptosis assay and add additional time points beyond 28 days to help clarify results.
Perez-Crespo et al. [44] also studied the extent of cell death following testicular heat exposure of CEM 43 =7.5 min in mice, although they focused on evaluating cell death of mature sperm isolated from the epididymis, determined by TUNEL staining. They found statistically significant increases immediately following heat treatment that persisted up to 28 days and returned to baseline levels by 60 days. The greatest increases in apoptotic epididymal sperm occurred from 14 to 28 days. While this is later than the previous studies, the transit time for maturation from a germ cell spermatocyte to a mature spermatozoa is within 14-28 days. Therefore, detected apoptosis of mature epididymal sperm by Perez Crespo et al. correlates well with the increases at 24 h of apoptosis among testicular germ cells reported by Paul et al. and Banks et al.
In rats, Khan et al. [10] evaluated cell death with TUNEL staining in the seminiferous tubules following CEM 43 =5.94 min whole body heating. This method of heating is distinct from the other papers investigated, as these assessments were made following whole body heating instead of localised heating. The incidence of apoptotic cells was increased at all time points evaluated, from 2.5 h to the last assessed time point of 24 h post-treatment, peaking at 15 h. This early increase in apoptosis is similar to that seen in mice, with a similar thermal dose sensitivity.
Similar to the elevated thermal doses used to elicit changes in testicular weight, monkeys and humans also require increased thermal doses for a similar cell death effect. Lue et al. [45] used a thermal dose of CEM 43 =60 min in monkeys, and then evaluated germ cell death with TUNEL staining. Cell death was highest at the first time point assessed, 3 days, gradually decreasing to slightly elevated at 28 days and returning to normal values at the next evaluated time point of 84 days. Apoptotic values remained normal up to the study conclusion at 144 days. This study corroborates earlier emphasis on lower sensitivity to thermal damage and an initial acute apoptotic episode followed by recovery; in monkeys, this recovery occurs by 84 days post-exposure.
Wang et al. [40] studied human subjects with a thermal dose of CEM 43 =180 min, and also investigated germ cell death in the testes with TUNEL staining, at two weeks post-heating. While this study evaluated only one time point, this damage assessment agreed with the study in monkeys, as shown in Supplementary Figure 4 .
In summary, cell death following thermal exposure to the testes appears to be transient, occurring mostly in the first 24 h following exposure. In mice and rats, levels of apoptosis appear to return to baseline levels as early as one week, but can take as long as 28 days. In mice, there may be a threshold dose for testicular germ cell death, as mice exposed to only CEM 43 =0.03 min trended towards but did not show a statistically significant increase in apoptotic cells. However, further evidence for a possible threshold thermal dose is warranted. Monkeys and humans appear to be less sensitive to cell death than mice, but one cannot discount the possibility that the testicular temperature in humans was lower than mice, as previously discussed. Monkeys exhibit full recovery between 28 and 84 days. It is difficult to know the temporal response of human testes for these endpoints as only one time point was assessed. However, this time point correlates with the monkey damage-time curve.
Testosterone levels
Testosterone levels and related indicators have been analysed in mice, rats, monkeys, and humans, with endpoints of both serum testosterone levels and percentage of testosterone positive Leydig cells. Data for mice are scarce, with only one data point assessed 24 h after CEM 43 =15 min [41] . This shows substantial decrease in testosterone levels, even at this early time point. In rats, the percentage of testosterone positive Leydig cells decreases dramatically at day 1, similar to the mouse study, but follow up data show a subsequent recovery period lasting until 140 days, at which time the study ended but full recovery was not achieved [37, 38] (Supplementary Figure 5) .
In monkeys, serum testosterone was significantly decreased at two weeks post-exposure, with subsequent continual recovery to baseline levels between 12 and 20 weeks [45, 46] . Results in monkeys seem counterintuitive, as the higher CEM 43 produced less apparent damage than the lower CEM 43 (Supplementary Figure 5) . However, these studies only had a few monkeys per study (3) (4) and showed large variances and fluctuations in serum testosterone levels between and within monkeys. What is important to note is the initial amount of damage is similar at both thermal doses, with a large decrease detected at the earliest assessed time point of 2 weeks that does eventually recover without residual damage between 12 and 20 weeks. Again showing increased resistance to testicular heat damage, human subjects had no significant decrease in serum testosterone levels at any assessed time point, from 3 to 30 weeks [40] .
Sperm characteristics
A myriad of sperm characteristics were assessed following heating, including number of sperm in ejaculate, sperm viability, sperm motility, and the percentage of sperm with normal morphology. These were assessed in two studies, one by Perez-Crespo et al. [44] that evaluated sperm characteristics in mice after CEM 43 =7.5 min, and the other by Wang et al. [40] which evaluated humans exposed to CEM 43 =180 min.
In mice, the sperm concentration in ejaculate decreased immediately after heating, continuing to decrease in concentration until 28 days later, with persistent damage until the last follow-up time point of 60 days, as shown in Figure 10 . Sperm viability and motility showed similar decreases, starting either immediately or by 7 days, and increasing in severity until 21-28 days after heat treatment. Both motility and viability then recovered, with almost complete recovery at the 60 days termination of study.
In humans the first assessment occurred at 3 weeks from heat treatment initiation. Damage trends were similar in all three sperm characteristics assessed: sperm concentration in the ejaculate, sperm motility, and percentage of sperm with normal morphology. At three weeks all three end points showed decreases from baseline, with a dramatic 62% reduction in sperm ejaculate concentration, while the two other endpoints had minimal reductions. Damage continued to progress in all areas up to 9 weeks, when all of the markers of damage started to recover. Sperm ejaculate concentration and sperm motility fully recovered by 12 weeks and 18 weeks, respectively. The percentage sperm with normal morphology almost recovers fully by 22 weeks, but may have some residual damage that persists; from the provided data this is unclear and an area in need of further investigation.
Fertility
The fertility of male mice after testicular heating was also investigated, using a low thermal dose of CEM 43 =0.5 min [39] or a mid-range dose of CEM 43 =7.5 min [44] . Male mice underwent testicular heating and then were allowed to copulate with female mice at various times following their heat treatment. The success of breeding was then compared to unheated mice, assessed by the number of pregnant females per male mouse, the average number of foetuses produced by females impregnated from heated mice, and the number of implantation sites per female impregnated from heated mice. These results are presented in Supplementary Figure 6 . From Paul et al. [39] , the lower CEM 43 =0.5 min did not affect the number of females that a heated male could impregnate, but did decrease slightly the number of foetuses per pregnant female, from 7-8 in the controls to 6-7 in the lower thermal dose group. In the higher thermal dose group the results were more dramatic, with foetus numbers dropping to around 1 per impregnated female. Along these lines, the higher dose also saw deterioration in the number of females a heated male could impregnate. These results were assessed for males allowed to copulate between 22-28 days after heating.
In a study by Perez-Crespo et al. [44] , male mice were subjected to CEM 43 =7.5 min and then the effect of time to copulation on male fertility was assessed. In this study, decreases in average number of foetuses per impregnated female and number of implantation sites per female were directly related with time. Decreases of 29% and 35% of implantation site number and foetus number was observed, respectively, for male mice that copulated with female mice between 0 and 7 days post-heating. These numbers slightly increased when mice copulated at day 14 post-heating, and decreased to lowest levels of 46% and 51% when mice copulated 21-28 days after heating.
The study by Perez-Crespo et al. showed a dramatic deterioration in fertility of male mice 21-28 days after heating, similar to the study by Paul et al., although the results demonstrated slightly less fertility decrease for the same thermal dose. These results correspond to the maximum decreases seen in characteristics of sperm functionality, such as motility, viability, and concentration ( Figure 10 ). Unfortunately, this study did not assess time points after 28 days, so there is not enough information to predict whether decreases in fertility are transient or prolonged. Further, as mice are much more sensitive in the other areas of testicular damage, it is difficult to predict what the effect on humans would be.
Summary: Effects of heat on testicular physiology and function
In summary, many important additions in the effects of heating on testicular damage have been made since the previous review paper. From these new data it is apparent that monkeys and humans may be more resistant than mice to thermal damage, and that damage inflicted by heating is for the most part acute with recovery occurring within a week to many weeks. It appears that most of the recovery is without residual damage, although in some cases this is unclear.
An important area for future research is to focus on better thermometry of the testis. From the results shown one could conclude that the human testis is more thermally resistant than the rat. However, one has to consider that the actual temperature of the human testis is probably lower than that of the rat and mouse, given the method used for heating, which was the same in both cases (water bath immersion). The physical difference in the size of the organs and the perfusion likely affected the actual organ temperature, since any temperature elevation would be entirely dependent upon thermal conduction. The temperature of the testis was not measured in either case, so a direct comparison cannot be made. A further complication is that the human study involved multiple heat treatments. Adaptive responses to prior heating, possibly involving the heat shock response, may have blunted any effect that might have been seen after a single treatment. Further analysis with direct tissue measurements or heat transfer models to assess actual thermal dose accumulation in the testis is warranted.
Effects of heat on other tissues Overview
In addition to testes and brain, we found various studies containing thermal damage data in 17 different tissue types. These were categorised into percentage damage (liver, skin, bone, muscle, and bladder), percentage damage with whole body heat treatment (kidney, bone marrow, thymus, liver, muscle, and intestine), damage threshold (oesophagus, liver, muscle, prostate, kidney, cornea, retina, eyelids, ear, and skin), and damage threshold with whole body heat treatment (muscle, small intestine, and mammary gland). Some papers contained either both percentage damage and threshold data or thermal damage data from various tissues types. We discussed thresholds for thermal damage previously in most tissue types. For those tissues we compared new data with what we reported previously. In addition, we added new data on bone, thymus, and mammary gland.
Update (2002-present) on tissues included in the previous review
Liver. Local heating-In our previous review we reported that CEM 43 =41-80 min and CEM 43 greater than 80 min caused acute and minor damage to liver tissue. Since then, further studies were done to determine thermal tissue damage at CEM 43 >80 min. The study by Seror et al. [47] showed that CEM 43 =320 min, delivered using radiofrequency (RF) ablation is enough to cause thermal coagulation of pig liver. Damage was assessed by gross and histopathological observation as well as MR imaging. In the other studies heat treatment by RF ablation [48, 49] and high intensity focused ultrasound (HIFU) [50, 51] at higher CEM 43 between 2×10 5 and 8.6×10 11 min also caused tissue necrosis in rabbit [49] and pig [48, 50, 51] . However, CEM 43 for actual threshold of damage could not be determined due to the lack of temperature information at the edge of the thermal lesion. Therefore, both in our previous and current review we were not able to obtain the true threshold of thermal damage due to the lack of information at CEM 43 between 80 and 320 min.
Whole body hyperthermia-In one study, whole body hyperthermia was performed by venoarterial perfusion in dogs [52] . Using the perfusate warmed to 44-45°C, the dogs' rectal temperature was elevated to ≥42°C for 4 h, resulting in a thermal dose of CEM 43 =61 min. Immediately and 7 days after treatment possible liver damage was assessed by serum biochemical changes. Though moderate increase of various biochemical parameters was observed, only aspartate transaminase (AST) and alkaline phosphatase remained elevated 7 days after the treatment. This suggests that systemic hyperthermia at CEM 43 =61 min caused only acute and minor functional damage in the liver.
Bladder-We previously reported that CEM 43 greater than 80 min resulted in chronic and significant thermal damage in dog bladder. Here we found one additional study investigating the functional damage of bladder by assessing its volume capacity in rats [53] . Microwave applicators were used to achieve temperatures of 41°, 42°, 43°, 44°, and 45°C for 1 h. Observations were made up to 28 days after treatment. At CEM 43 =11.2 min, there were no immediate changes in bladder volume capacity. On the other hand, CEM 43 =57 min showed significantly decreased bladder volume capacity on days 1 and 3. Though bladder capacity recovered by day 10, transient reduction was observed again on day 21. Heat treatment at 45°C likely yielded CEM 43 of around 120 min, and resulted in a further decrease in bladder volume capacity in surviving rats. However, many animals died in this treatment group, suggesting that CEM 43 ≈120 min is a lethal dose. Due to the lack of pathologic data, it is not clear whether high mortality was due to severe damage in bladder or in other organs.
In conclusion, our previous and current reviews reported that in terms of thermal dose, CEM 43 =11.2 min was below the threshold of thermal damage to bladder, CEM 43 =57 min caused functional damage, CEM 43 >80 min resulted in chronic and significant damage, and CEM 43 ≈120 min was lethal.
Skin. Local heating-In our previous review, heat treatment at CEM 43 between 21 and 40 min induced acute and minor damage to skin function. At CEM 43 >41 min, significant acute and chronic damage was apparent. Our previous review also indicated that complete necrosis in human skin occurs at CEM 43 between 288 and 1.5×10 4 min [1] .
In a new study using a light emitting diode there were no burns on human skin at CEM 43 =240 min [54] . However, heat at CEM 43 between 480 and 960 min caused immediate superficial burns. In terms of CEM 43 resulting in complete skin necrosis, this study was consistent with our previous review (Supplementary Figure 7) .
A study by Werner et al. [55] examined thermal damage to human skin in more detailed ways. Skin was heated using contact thermodes at a dose of CEM 43 =112 min (7 min heating at 47°C). In this study, authors observed not only acute and significant increase in skin erythema, but also changes in functional responses. After heat treatment, thresholds for warm and cold detection were increased while heat and mechanical pain thresholds were decreased. In terms of pain responses, both heat pain and mechanical pain responses were increased after heating. In particular, responses to mechanical pain immediately increased both inside and outside the burn areas. However, they returned to basal levels within 4 h, while heat pain responses stayed elevated.
In contrast to the papers discussed above, Landsberg et al. [56] showed beneficial effects of heat on granulation tissue (GT) formation in the rat. In this study, skin was excised first and GT developed in the wound area. On day 5 hyperthermia was given using a diode laser, and 3 days after heat treatment the thermal effect was examined. CEM 43 ranged from 2 to 256 min. In general, heat treatment decreased GT formation. In particular, treatment at temperatures between 47° and 50°C was sufficient to cause significant effects. However, at temperatures higher than 50°C, thermal coagulation occurred in underlying muscle.
Muscle
Local heating-Muscle damage was assessed by indicators such as blood creatine levels and neuromuscular function, as well as appearance of haemorrhage and necrosis. In our previous review, when CEM 43 was between 41 and 80 min, there was acute but minor damage to muscle. At CEM 43 higher than 80 min, damage (haemorrhage and necrosis) became more chronic and significant.
Heat treatment by microwaves to a thermal dose of CEM 43 =26 min was not enough to induce thermal damage, which was assessed by blood creatine kinase levels and tissue histology in humans [57] . On the other hand, HIFU caused muscle damage in the pig at CEM 43 at 0.25 and 103 min [58] . Haemorrhage and tissue damage were observed 0-4 h after treatment. On day 2, segmental necrosis was observed followed by recovery within 7 to 14 days. Another study also showed that HIFU at CEM 43 =283 min caused thermal lesions in pig muscle immediately after treatment [51] . Higher CEM 43 achieved using ultrasound (between ~650 and 1.9×10 10 min) [59] or using HIFU (between 1.1×10 3 and 7.6×10 4 min) [60] resulted in tissue necrosis in rabbit.
Lack of thermal damage in the study using CEM 43 lower than 40 min (CEM 43 =26 min) [57] was consistent with what we previously reported, but tissue damage observed after HIFU treatment at CEM 43 =0.25 min was not [58] . However, considering that HIFU intensity was as high as 4390 W/cm 2 when CEM 43 =0.25 min was achieved, this effect is likely due to cavitation (bubble formation due to deposition of acoustic power) rather than temperature elevation (Supplementary Figure 8) . The authors also detected signs of cavitation in the heated areas where tissue damage was observed.
In addition to thermal tissue damage, we also found a study by Nosaka et al. that showed beneficial heat effects on neuromuscular function [61] . Microwave diathermy treatment was given to upper arms of human subjects at CEM 43 =2.17 min. One day after treatment, eccentric actions of the elbow flexors were performed. While no difference was observed before the exercise, the rates of post-exercise recovery of both maximal isometric strength (MVC) and range of motion (ROM) were significantly greater in the heated group. These effects lasted for 4 days. On the other hand, muscle soreness upon extension significantly decreased between days 2 and 4 after exercise. Muscle soreness upon palpation and flexion did not show any significant difference compared to the control groups. This study also measured plasma creatine kinase (CK) and myoglobin, which can suggest thermal damage to muscle. No changes were seen in either of these parameters. In summary, this study determined that heat treatment at low CEM 43 such as 2.2 min increased muscular function and decreased muscle soreness without significant tissue damage.
Whole body heating-A study by Morrison et al. examined neuromuscular function after whole body heat treatment with a liquid conditioning garment in humans [62] . Subjects were divided into three groups according to their physical fitness: highly fit, moderately fit, and low fit groups. After giving heat with a liquid conditioning garment at CEM 43 between 0.17 and 0.18 min, maximal voluntary isometric contraction (MVC) and voluntary neuromuscular activation (VA) were assessed. Both MVC and VA decreased at higher CEM 43 but there was no significant difference among the three baseline fitness groups.
Kidney-We previously reported that CEM 43 below 20 min caused acute minor thermal damage in the kidney. In the current review we found tissue damage reported at higher CEM 43 between 70 and 2.3×10 19 min. He et al. heat-treated pig kidney at CEM 43 between 70 and 7.2×10 4 min using microwaves [63] . On days 2 and 7, tissue damage in the heated region ranged from thermal fixation to coagulative necrosis, and was observed at all doses with histology. At higher CEM 43 severity of damage increased. RF ablation at much higher CEM 43 (between 5.4×10 9 and 2.3×10 9 min) also caused coagulative necrosis in pig [64, 65] and dog [66] kidney immediately or 3 days after treatment.
In conclusion, based on our previous and current reports, CEM 43 above 70 min resulted in acute and significant damage (up to and including coagulative necrosis), while acute and minor damage was observed at CEM 43 below 20 min. However, we were not able to find data in the range between 20 and 70 min.
Prostate-Previously we reported that CEM 43 higher than 80 min is required to cause both minor and significant acute damage to the prostate [1] . In accordance with that, our newly found studies determined that CEM 43 =240 min was the thermal damage threshold while CEM 43 =50 min was below the threshold in dog when treated with interstitial [67, 68] or transurethral [67, [69] [70] [71] [72] ultrasound applicators. In these studies tissue damage was assessed by MR imaging and confirmed by histology. They also included thermal data and CEM 43 measured by MR imaging.
In conclusion, these new data further refine the dose range where significant thermal damage is expected; CEM 43 =50 min is below threshold, CEM 43 =80 min causes minor damage, and CEM 43 =240 min results in complete coagulation (Supplementary Figure 9) .
Eye
Local heating: Cornea-In our previous review we reported that heat treatment causes acute and minor damage at CEM 43 between 21 and 40 min and acute and significant damage at CEM 43 >41 min. In this review we found a report on thermal damage in rabbit cornea following ultrasound heating [73] . While CEM 43 =0.026 min caused no damage, CEM 43 =21.3 min resulted in mild and acute effects in cornea (epithelial cell oedema, collagen disorganisation, severe stromal oedema, intrastromal vacuole formation, plump keratocyte nuclei, and endothelial cell detachment). When CEM 43 increased to 2.2×10 4 min, severe corneal damage was observed immediately and 7 days after treatment. On the other hand, a functional study showed that CEM 43 =0.313 min administered using an eyelidwarming sheet gave beneficial effects on cornea by improving near vision immediately after treatment [74] . Study subjects were extensively exposed to diffuse light reflections from computer screens. This study also showed that with eyelid hyperthermia both objective and subjective accommodation increased. Subjective accommodation further increased 90 min after treatment, while objective accommodation began to decrease. This study indicates that periocular hyperthermia at a low CEM 43 =0.313 min has beneficial effects in work-related eye dysfunction.
Local heating: Retina-Previously we reported on a study in rabbits that showed chronic and minor damage at CEM 43 <21 min, acute and minor damage at CEM 43 =21-40 min, and acute and significant damage at CEM 43 >41 min. In a new study we found CEM 43 between 0.02 and 1.5 min did not cause any thermal damage to the rabbit retina when administered using a non-invasive transpupillary diode laser [75] . Acute thermal lesions were observed at CEM 43 as high as 926.2 min. These results are consistent with our prior report, and they establish that CEM 43 of less than 1.5 min does not cause detectable thermal damage ( Figure  11 ).
Local heating: Eyelids-According to our previous report, heating eyelids at CEM 43 between 21 and 40 min causes acute and minor damage. In this review a study by Blackie et al. showed that heating eyelids using the warm compresses at CEM 43 between 0.015 and 34.54 min did not induce any thermal damage in humans [76] .
In summary, CEM 43 =21.3 min caused mild thermal damage and severe coagulation occurred at 2.2×10 4 CEM 43 in rabbit cornea [73] (Figure 11 ). This is somewhat consistent with what we reported previously, with mild and acute damage occurring at CEM 43 =21-40 min and acute and significant damage occurring at CEM 43 >41 min. The threshold for damage to the rabbit retina is between CEM 43 =2 and 926 min. There were no data to indicate a threshold for damage to eyelids, beyond that which we reported previously in humans.
Oesophagus
Local heating-While our previous study showed that CEM 43 lower than 20 min resulted in acute and significant damage to the oesophagus, a newly found study showed that giving heat at CEM 43 =278 min using an ultrasound applicator caused necrosis in pig oesophagus [77] . We did not find any thermal damage information at CEM 43 between 20 and 278 min.
Bone marrow
Whole body heating-Whole body hyperthermia at CEM 43 =15 min using a dry-air incubator showed significant increase of cell death in rat bone marrow [11] . This study correlates with our previous review that also showed both minor and significant acute damage at CEM 43 lower than 20 min.
Small intestine
Whole body heating-In our previous review, CEM 43 lower than 20 min induced acute (evaluated at less than 30 days) and significant damage in the small intestine. At CEM 43 above 80 min, significant and chronic (evaluated later than 30 days post-treatment) damage was observed.
A newly found study examining correlation of whole body heat treatment and the intestinal permeability in rats showed results consistent with our previous report [78] . Small intestinal permeability was assessed by plasma FITC dextran (FD-4) levels (Supplementary Figure  10) . At CEM 43 =1.5 and 4.6 min, permeability began to increase and showed significant changes at CEM 43 =8.9 min. At this thermal dose, severe tissue damage was also observed, which was consistent with our previous report.
We additionally found a study that determined heat effect on ischaemia/reperfusion-induced tissue damage in the rat [79] . In this study whole body hyperthermia was given at CEM 43 =7 min. Ischaemia (60 min) was induced by occluding the mesenteric artery followed by 120 min of reperfusion. Immunohistological data showed that heat treatment caused a 2-fold decrease in intestinal tissue damage induced by ischaemia/reperfusion. Although ischaemia decreased β-ATP levels in both control and heat treatment group, the heated group showed fast and better recovery of β-ATP levels by reperfusion. Along with increased Hsp72 levels detected in the heated group, this indicates that hyperthermia protects tissues from ischaemia/reperfusion injury, possibly through induction of heat shock protein.
Tissues not included in the previous review Bone
Local heating: Rabbit bone was treated by heating a titanium implant previously inserted into the tibia [80] . Thermal doses were CEM 43 =16, 80, and 128 min. Thirty days after treatment, bone damage was assessed grossly. At CEM 43 =16 min irreversible bone resorption was observed and as CEM 43 increased, the percentage of irreversible bone resorption was also increased (Supplementary Figure 11) .
Thymus
Whole body heating: Whole body hyperthermia at CEM 43 =15 min using a dry-air incubator increased cell death in rat thymus [11] . In this study apoptotic rates in thymus cells were assessed using TUNEL staining 10 h after treatment. Another whole body hyperthermia study showed that CEM 43 =6 min was sufficient to induce cell death in both rat thymus medulla and cortex [10] . Cell death which was also examined by TUNEL staining at different time points was the highest at 10 h after treatment. Within 24 h, apoptosis rates returned to baseline.
Mammary gland:
Heat treatment using a balloon catheter caused thermal damage to goat mammary gland [81] . When the catheter inside the balloon was heated to 87-90°C, temperatures outside the balloon in the breast tissue were 45-55°C. In this study, the correlation between the treatment time and the size of necrosis was determined. However, due to the lack of time and thermal information, we could obtain only one CEM 43 value (28.3 min) which was high enough to cause thermal damage.
Ear:
We found two papers examining the effects of whole body hyperthermia on inner ear function in mouse [82, 83] . The main purpose of these papers was to investigate the heatinduced ear protection from acoustic injury. Yoshida et al. [82] showed that CEM 43 =1.9 min before sound exposure protected ear from permanent threshold shift (PTS). This effect was significant when the heat-sound interval was 6-12 h. To determine whether it is due to thermal alteration of ear function, cochlear function was investigated by measuring compound action potential (CAP) from right cochlear and distortion product otoacoustic emission (DPOAE), which represents functional effect on the middle ear and the contribution of outer hair cells (OHCs). This study concluded that there were no detectable changes in ear function after heat treatment.
A later study by Murakoshi et al. [83] tried to determine whether heat changes OHCs. When whole body hyperthermia was given at CEM 43 =1.9 min, Young's modulus and F-actin of OHCs were increased. Their increase peaked either 3-6 h or 12 h after treatment and returned to basal levels within 48 h. The results indicated that DPOAE increased when mice were exposed to sound after heat treatment, which also suggests the protective effect of heat against acoustic injury.
Summary: Effects of heat on other tissues-Our current report showed consistency with our previous review in terms of thermal doses that cause tissue damage. A variety of heating methods were used in the studies reviewed here, and thermal doses varied widely for various tissues. For the most part it is important to distinguish total body from local heating and we have pointed out all cases where total body heating was used. Some of the studies further refined thermal damage thresholds (bladder, prostate). However, in some tissues we could not find values of CEM 43 that delineated thresholds between absence and presence of damage (kidney, liver and retina). In addition to studies of tissue damage, we also found studies that revealed beneficial effects of heat treatment on tissue function.
Summary and future directions
This report summarises the most recent findings on thermal damage in various tissues. Nervous system data of this type are mostly available in the lower range of thermal doses (CEM 43 <20 min), with damage being assessed shortly after treatment. The brain is altered in a variety of ways at different thermal doses, with metabolism being altered at much lower doses than other indicators. Various regions of the brain experience differing degrees of sensitivity to heat damage, and whole body hyperthermia can modify brain function differently for animals of different ages. Testicular damage may occur in monkeys and humans at much higher thermal doses than in mice, but lack of accurate thermal data in the testis precludes a firm conclusion on this point. Available long-term assessment data (CEM 43 <20 min) shows that most heat damage at low doses is reversible in the testes. Aside from brain and testes, we also summarised effects of a wide range of thermal doses on tissue damage and function in several other organs.
Accurate thermometry at the lesion site
While a myriad of new data has become available since we last published a review on this subject [1] , most of the recent publications we found do not provide enough data for an accurate assessment of thermal tissue damage. This was mostly due to insufficient temperature and/or damage data and lack of co-registration of such data. Lack of adequate thermal history data is a tremendous and frustrating handicap. For example, measurement of surface temperature is not sufficient for knowing the temperature inside an organ. This was a problem in interpreting the data on testicular damage from heating. In other cases, such as in the case of brain damage assessment, temperature in the ear canal was measured. This is not likely an accurate assessment of brain temperature. Furthermore, exact location of heating must be considered in complex organs, where the same thermal dose may result in vastly different degrees of damage in different regions (data on the brain is a good example). Novel non-invasive thermometry techniques as well as modelling approaches may provide new ways to approximate local temperature. We hope that in the future, more authors will measure temperature in the exact spot where the tissue damage is assessed.
Importance of the isoeffect-Current literature assesses a variety of damage types and functional effects of heat. Wherever comparisons have been made, it is apparent that the effect depends on the thermal dose. Therefore it is important that future research focuses on collecting multiple temperature-time and damage data that yield isoeffects. For example, such data would allow estimates of the time of heating at 45°C or at 50°C that would be needed to achieve tissue necrosis. This type of data collection is necessary for meaningful comparisons of studies, and in the broader context, such data are essential for establishing thermal exposure and treatment guidelines.
Thermal dose-A well-established relationship between thermal dose and tissue damage exists. While a sizeable body of literature describes tissue effects at thermal doses less than CEM 43 =40 min, there are insufficient data in the range CEM 43 =40-300 min for many tissues. This should be addressed in future research in order to improve thermal dosimetry during treatment as well as to determine levels of safe exposure.
Assessment time-This report clearly shows that severity of tissue damage depends not only on the thermal dose, but also on the time after exposure at which damage is assessed. There is currently a lack of data of chronic effects of heat exposure, for which thermal dose could be calculated. For example, brain data of this type are especially scarce. Therefore, we recommend that future studies evaluate damage over a range of assessment times.
Importance of in vivo measurements-This report excludes all ex-vivo data on thermal damage, despite an abundance of such data. Excised tissue likely reacts differently to thermal exposure, in that it is not perfused with nutrient and oxygen-rich blood that also heterogeneously cools it. In addition to these differences in the in vivo and in vitro experimental environments, our examination of literature shows that the majority of in vitro studies were done without proper care for the condition of tissue prior to heat exposure.
Importance of human data-For all of the tissues we reviewed, very little data that permits thermal dose calculation is available for humans, and most of the data we reviewed here concerns rodents. Here, as well as in the previous review, we indicated that interspecies differences in tissue sensitivity to thermal stress exist. Therefore, it is imperative that, where possible, thermal history at the site of heating should be recorded during clinical trials and treatments. With the recent advancements in noninvasive thermometry, we hope that such data will be more widely accessible in the near term.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Changes in regional blood brain barrier permeability vs. CEM 43 after hyperthermia treatment in rats. (A) Fold increase in BBB permeability immediately after whole body heating with a warming pad by Kiyatkin et al. [4] . (B) Increase in BBB permeability immediately following heating in an incubator to CEM 43 =1.3 min by Sharma [5] and 24 h following heating on a warming pad to CEM 43 =0.1-0.7 min by Noor et al. [6] . In (B), some of the data was offset along the x-axis to show all the data points clearly. All data bound by the dashed lines refer to CEM 43 =1.3 min. Change in cerebral blood flow vs. CEM 43 . Measurements were made either during or immediately after whole body hyperthermia treatment in rats, humans, and rabbits [5, [7] [8] [9] . Heat-induced cell death in the rat brain. (A) Cell death in several brain regions at multiple assessment times after whole body hyperthermia treatment in rats at CEM 43 =5.9 min [10] . (B) Fold increase in cell death in several brain regions in rats compared to unheated animals, 10 hours after whole body hyperthermia treatment to CEM 43 =15 min [11] . Changes in neuronal excitability in two regions of hippocampus following whole body hyperthermia in rats (immediately and 30 min after heating). Data are shown as percent change with respect to baseline measurements (data connected by lines where assessed at both time points). Two different CEM 43 are plotted for the mature rats. (A) P1 Amplitude, (B) P1 Onset Latency [15] . Heat-induced neurotransmitter concentration changes in the rat brain. (A) glutamate, (B) glycine, and (C) GABA levels are shown in relation to CEM 43 in various rat brain regions immediately following whole body hyperthermia [5] . Changes in rat brain metabolism immediately after whole body hyperthermia. (A) Metabolic changes were assessed by lactate dehydrogenase (LDH) and succinate dehydrogenase (SDH) activity and RNA content at CEM 43 =1.07 min in three rat brain regions [20] , and (B) metabolic changes vs. CEM 43 , as assessed by extracellular brain lactate, pyruvate, glutamate, and glycerol concentrations vs. CEM 43 [8] . Probability of brain lesion induction and blood brain barrier disruption vs. CEM 43 in (A) rabbits and rhesus monkeys and (B) pigs [32] [33] [34] [35] [36] . In (A), some of the data were offset along the y-axis to show all the data points above CEM 43 =100 min. 43 . Human data are included for comparative purposes, but human data was reported as a measure of % decrease in volumetric measures. This chart highlights the differences in thermal sensitivity between mouse, rat, and human testes (blue symbols) [37] [38] [39] [40] [41] . Fold increase in cell damage parameters after various heat treatments in mice. (A) Longterm effects, which illustrate that cell damage increases with thermal dose and that the effects occur in two phases: an early and a late phase. (B) Acute cell damage during the first two days. Indications of sperm function after heating in mice and humans. (A) Early effects of heating on sperm characteristics. (B) Late effects of heating on sperm characteristics. Dashed lines: mouse data with a thermal dose of CEM 43 =7.5 min [44] . Solid lines: human data with a thermal dose of CEM 43 =180 min [40] . Thresholds of thermal damage in eye in rabbits and humans assessed immediately after heating. In rabbits, CEM 43 >21.3 min [73] started causing thermal damage in cornea while thermal lesion in retina was induced at CEM 43 =926 min [75] . In humans, heat treatment at CEM 43 =0.015-34.5 min was not sufficient to cause damage to eyelids [76] .
